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The Tbx20 orthologue, mab-9, is required for development of the Caenorhabditis elegans hindgut, whereas several vertebrate Tbx20 genes
promote heart development. Here we show that Tbx20 orthologues also have a role in motor neuron development that is conserved between
invertebrates and vertebrates. mab-9 mutants exhibit guidance defects in dorsally projecting axons from motor neurons located in the ventral nerve
cord. Danio rerio (Zebrafish) tbx20 morphants show defects in the migration patterns of motor neuron soma of the facial and trigeminal motor
neuron groups. Human TBX20 is expressed in motor neurons in the developing hindbrain of human embryos and we show that human TBX20 can
substitute for zebrafish tbx20 in promoting cranial motor neuron migration. mab-9 is also partially able to rescue the zebrafish migration defect,
whereas other vertebrate T-box genes cannot. Conversely we show that the human TBX20 T-box domain can rescue motor neuron defects in C.
elegans. These data suggest the functional equivalence of Tbx20 orthologues in regulating the development of specific motor neuron groups. We
also demonstrate the functional equivalence of human and C. elegans Tbx20 T-box domains for regulating male tail development in the nematode
even though these genes play highly diverged roles in organogenesis.
© 2008 Elsevier Inc. All rights reserved.Keywords: T-box; Axon guidance; Neuron; C. elegans; ZebrafishIntroduction
T-box transcription factors, unified by a common DNA
binding domain, or T-box, are an important group of develop-
mental control genes (Bollag et al., 1994; Papaioannou, 2001).
These factors are found in all metazoan phyla and have con-
siderable medical significance, as T-box gene mutations are
associated with a number of human developmental syndromes.
At least 18 T-box genes have been identified in vertebrates,⁎ Corresponding author.
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doi:10.1016/j.ydbio.2008.02.015which can be broadly organised into 5 subfamilies: T (includes T
and Tbx19), Tbx1 (includes Tbx1, Tbx10, Tbx15, Tbx18, Tbx22
and Tbx20), Tbx2 (includes Tbx2, Tbx3, Tbx4 and Tbx5), Tbx6
(includes Tbx6 and Tbx16) and Tbr1 (includes Tbr1, Eomeso-
dermin and Tbx21) (Naiche et al., 2005). Invertebrates differ
widely in their T-box gene complements, with Drosophila
melanogaster containing 8 recognizable T-box genes and Cae-
norhabditis elegans containing 21. While the Drosophila T-box
genes tend to have obvious vertebrate counterparts, it is not so
easy to assign the C. elegans genes to particular subfamilies.
Indeed, there are only 4 cases where orthology is clear: there is a
representative of the Tbx20 branch of the Tbx1 subfamily (mab-
9; Woollard and Hodgkin, 2000), a member of the Tbx2 sub-
family (tbx-2, required for pharyngeal and foregut development;
Roy Chowdhuri et al., 2006; Smith and Mango, 2007), a second
member of the Tbx1 subfamily (mls-1, isolated in a screen for
mutants with defects in muscle cell fate determination; Kostas
and Fire, 2002), and an orthologue of the divergent ascidian
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the T, Tbx6 or Tbr1 subfamilies in C. elegans. Given that
representatives of these families are present in Drosophila (and
that Drosophila and Caenorhabditis are both ecdyzosoans) the
most likely explanation is that these genes were present in a
common ancestor but have been lost in the worm. It is also
possible that a higher evolutionary rate in the nematode genome
has obscured clear orthologous relationships.
One of the most highly conserved of the C. elegans T-box
genes is the Tbx20 orthologue mab-9, making the Tbx20
subfamily one of the very few pan-metazoan orthologous
groups of T-box genes. In vertebrates, as well as in Drosophila,
Tbx20 genes are implicated in heart development (Miskolczi-
McCallum et al., 2005; Stennard et al., 2005). Homozygous null
Tbx20 mice die at mid-gestation due to defective hearts, which
fail to loop and which display many morphological and mole-
cular abnormalities, including a severely compromised cardiac
transcription programme, reduced expansion of cardiac pro-
genitors and a block to heart chamber differentiation (Stennard
et al., 2005). As well as having a major role in early heart
specification, experiments with heterozygous mutant mice have
also revealed a requirement for Tbx20 in adult heart integrity
and contractile function (Stennard et al., 2005). Heart defects
have also been reported in zebrafish embryos treated with
tbx20-specific morpholinos (Szeto et al., 2002). In Drosophila,
there are two Tbx20 orthologues, midline and H15, and both of
these genes have been shown to be required for heart speci-
fication and morphogenesis (Miskolczi-McCallum et al., 2005).
Although the Drosophila “heart” is a simple tube that pumps
hemolymph, and the vertebrate heart is a multi-chambered
complex organ, it is clear that the genes driving heart cell fate
determination in vertebrates and Drosophila are conserved. This
strongly supports the hypothesis that vertebrate and arthropod
hearts are homologous structures.
In C. elegans, mab-9 mutants were originally isolated by
virtue of their male tail defects (Hodgkin, 1983). mab-9 is
required for the correct specification of cell fate in the hindgut
(rectum) such that in the absence of MAB-9 the male-specific
blast cell B takes on the fate of its anterior neighbour Y and
likewise, F takes on the fate of U (Chisholm andHodgkin, 1989).
As B and F blast cell fates are absolutely required to build the
internal structures of the male tail (in particular the sclerotised
spicule used for sperm transfer during mating), mab-9 mutant
males are incapable of mating and have gross morphological
abnormalities. Hermaphrodites also have an abnormal hindgut
because B and F are rectal epithelial cells that have a structural
role in hermaphrodites, and therefore they tend to be constipated
(Woollard and Hodgkin, 2000). There is no obvious analogy
between heart and rectum, despite the fact that both organs are
biological oscillators (Iwasaki and Thomas, 1997), therefore it
would seem that Tbx20 has acquired novel functions over the
course of evolution associated with the generation of morpho-
logical diversity. It has been argued that the C. elegans pharynx
may be the analogue of the vertebrate heart, as both function as
pumps that do not require nervous system input and which
express distinct sets of muscle proteins (Avery and Horvitz,
1989; Haun and Okkema, 1998). Indeed, the vertebrate heartspecification gene nkx2.5 can substitute for the C. elegans
pharynx development gene ceh-22 (Haun and Okkema, 1998).
However, we could find no obvious pharyngeal role for mab-9.
It is intriguing, however, that another T-box family member, tbx-
2, is known to be required for bothC. elegans pharynx formation
and vertebrate heart development (Harrelson et al., 2004; Cai et
al., 2005; Roy Chowdhuri et al., 2006; Smith andMango, 2007).
Intriguingly, mab-9 mutants are also uncoordinated (Unc),
especially for backwards movement, suggesting that there may
be other sites of mab-9 function in C. elegans. The backwards
Unc phenotype was initially thought to be a secondary
consequence of the hindgut abnormalities, but the observation
that mab-9 is expressed in the nervous system (Woollard and
Hodgkin, 2000), together with the fact that alleles ofmab-9were
isolated in a screen for mutants with defects in axon guidance
(Huang et al., 2002), points to a more specific role. This is
interesting in light of the fact that Tbx20 in vertebrates is
expressed in the nervous system in addition to the heart (Ahn et
al., 2000). For example, tbx20 in zebrafish is expressed in cranial
motor neurons and in mouse Tbx20 is expressed in the hindbrain
during motor neuron cell migration and additionally in dorsally
directed axons (Ahn et al., 2000; Kraus et al., 2001; Meins et al.,
2000). Furthermore, there is new evidence to suggest defects in
motor neuron differentiation and migration in Tbx20 knock-
down mice (Song et al., 2006; Takeuchi et al., 2005).
In this report we have examined the function of Tbx20 in C.
elegans and vertebrates in order to explore whether Tbx20
orthologues share an ancient conserved function in nervous
system development. In addition, we tested C. elegans and
vertebrate Tbx20 genes for functional conservation in cross-
species rescue experiments to test whether the orthologous
genes are functionally interchangeable despite their different
roles in organ development. In situ hybridization experiments in
human embryos and in equivalent developmental stage mouse
embryos as well as in zebrafish reveal Tbx20 expression within
motor neurons associated with cranial nerve V and VII. To gain
insight into the possible function of Tbx20 in vertebrate motor
neurons, tbx20 specific morpholinos were utilized to disrupt
tbx20 expression in zebrafish. Injection of tbx20 morpholino
affected the migration and medio-lateral position of the cranial
nerve nuclei nV and nVII in a dose-dependent fashion,
indicating that tbx20 is essential for correct motor neuron
migration in zebrafish. In C. elegans we find that mab-9
mutants display specific axon guidance defects in all the subsets
of motor neurons in which mab-9 expression is observed.
Therefore, Tbx20 is required in both vertebrates and inverte-
brates for aspects of motor neuron migration. Finally, we show
that the human TBX20 T-box gene is capable of rescuing Tbx20
associated phenotypes in both zebrafish and C. elegans, thus
suggesting that Tbx20 orthologues are functionally interchange-
able across a wide range of metazoan phyla.
Materials and methods
C. elegans strains, genetics and microscopy
All strains used were derived from the wild-type (WT) Bristol strain N2.
Routine maintenance of worms and genetic manipulations such as crosses were
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alleles were used where it was necessary to generate a high proportion of males
for analysis. Phenotypic analyses were carried out using a Zeiss Axiophot
microscope fitted with DIC and fluorescence optics as appropriate. Worms were
anaesthetised on 2% agarose pads using phenoxypropanol as previously
described (Sulston and Hodgkin, 1988). A Leica MZFLIII stereo fluorescence
microscope was also used where appropriate. A list of strains is given in
Supplementary Table 1.
Transgenic worms
Appropriate plasmids were injected into the syncytial gonad of young adult
hermaphrodite worms at a concentration of 20–100 ng/μl as previously
described (Mello and Fire, 1995), along with the rol-6(su1006) transformation
marker (also at 20–100 ng/μl). Rol progeny were picked and stable lines
selected for analysis. Several lines were generated for each construct.
GFP reporter strains
The mab-9∷GFP integrated rescuing reporter strain mab-9(e2410); him-8
(e1489); eIs34(eEx85 [mab-9∷GFP+rol-6]) has been previously described
(Woollard and Hodgkin, 2000). The unc-25∷GFP DD/VD motor neuron specific
reporter strain CZ1200 was a gift from Yishi Jin (UCSD). The unc-129∷GFP
reporter evIs82b was a gift from Joe Culotti (University of Toronto). The unc-
53∷GFP reporter strain UG42 (bgEx21[unc-53∷GFP(pNP21)+rol-6]) was a
gift from Natalie Pujol (CNRS/INSERM Universite de la Mediterranee/AP de
Marseille). The ceh-10∷GFP reporter strain lqIs4[ceh-10∷GFP+lin-15+] was a
gift from Erik Lundquist (University of Kansas). These reporters were crossed into
a mab-9(e2410); him-8(e1489) background where appropriate.
mab-9 rescuing constructs and minigene constructs
The mab-9∷GFP genomic rescuing construct pAW118 (derived from
Genbank clone accession number AF025468) and the mab-9 cDNA construct
pAW141 (mab-9 cDNA driven by the mab-9 promoter, derived from Genbank
clone accession number AJ252168) have been previously described (Woollard
and Hodgkin, 2000). The TBX20 cDNA construct pAW175 was made by
inserting full length TBX20 cDNA (derived from Genbank clone accession
number AJ237589) as an EcoRI fragment (blunt-ended) into the mab-9
promoter construct pAW139 (cut with SalI and also blunt-ended). pAW139
contains artificial introns downstream of the entire mab-9 promoter for
increased expression and an unc-54 3′ end cassette and is based on pPD49.26
(Fire lab vector collection). The part-genomic, part cDNA mab-9 minigene
construct pAW230 was made by replacing the genomic EagI–BamHI fragment
of pAW118 (from near the end of exon 2 to near the end of exon 7–23.7 kb) with
an identical portion of cDNA (0.6 kb). This region includes the entire T-box
domain (amino acids 63–268 out of the 347 of the whole protein). The human
TBX20/mab-9 chimeric minigene construct pAW271 was made by replacing the
EagI–BamHI cDNA fragment of pAW230 with the homologous region of
human TBX20 cDNA (0.6 kb), again containing the whole T-box domain (the
internal BamHI site of the human TBX20 clone was first removed, without
changing the amino acid sequence, by site-directed mutagenesis). The Xbra/
mab-9 chimeric minigene construct pAW294 was made by replacing the
EagI–BamHI fragment of pAW230 with the homologous region of Xenopus
brachyury (Xbra) cDNA (derived from Genbank clone accession number
M77243, gift from Jim Smith, Gurdon Institute, University of Cambridge),
similarly containing the whole T-box domain (again, the internal BamHI site of
the Xbra clone was first removed without changing the amino acid sequence, by
site-directed mutagenesis). Finally, all minigene constructs were GFP tagged by
ligating GFP in-frame into the BamHI site at the end of the cDNA insert. All
constructs were confirmed by sequencing before being injected into mab-9
(e2410); him-8(e1489) worms to test for rescue.
RNA in situ hybridization
The distribution of TBX20 mRNA was studied in the developing human
brain at Carnegie stage (CS) 13 (n=3 embryos), 15, 16 (n=4), 17 and 19 and infetal specimens at 8 to 11 weeks of gestation (n=5). Human embryonic/fetal
material was obtained from the MRC/Wellcome Trust Human Developmental
Biology Resource with full ethical approval. Expression of TBX20 was
investigated by non-radioactive RNA in situ hybridization on paraffin wax
sections, as described earlier (Lai et al., 2003). A 1.3 kb cDNA fragment
covering the full length TBX20 coding sequence in pGEM-T Easy and two
shorter cDNA fragments 1–420 and 421–1344 in pGEM3Zf+ and pcDNA3
respectively were used to prepare digoxygenin labelled RNA probes (Meins et
al., 2000). Tbx20 expression was characterized in B6/CBA F1 mouse embryos
at E11.5, E12.5, E13.5, E15.5 and E16.5. To produce a hybridization probe, the
coding region of Tbx20 was amplified by PCR using cDNA from E13.5 mouse
embryos. Primers were: A (forward) 5′-TGCTGGTTCGAAGTCTCTGC-3′
and B (reverse) 5′-GCTTGGTTATCAGTTGGTTCTGG-3′, generating a
1034 bps product corresponding to nucleotides 243 to 1277 of mouse Tbx20
mRNAs (NCBI accession number: NM_194263; NM_020496). PCR product
was cloned into pCR®II-TOPO® vector from Invitrogen (Cat. K4600-01) and
the insert sequence and orientation were confirmed by direct sequencing. The
protocol for in situ hybridization was as described earlier (Pringle et al., 2003);
detailed protocols are available at http://www.ucl.ac.uk/~ucbzwdr/richardson.
htm.
Fish strains, in situ hybridization and immunohistochemistry
Danio rerio of wild-type and transgenic lines were from the UCL Zebrafish
Facility. The tg(islet-1-GFP)rwo line was donated by H. Okamoto (Higashijima
et al., 2000). Experiments were carried out according to European Experimental
Animal Care guidelines. Antisense probes for tbx20 (Genbank clone accession
number MN131506), a kind gift of D. Kimelman, Seattle, (Szeto et al., 2002)
were generated by linearization with BamHI and in vitro transcription with T7 in
the presence of digoxigenin (dig)-labeled ribonucleotides (Roche, Indianapolis,
IN). Other plasmids used in this study were egr2b (previously known as krox20,
accession number BC081622) (Oxtoby and Jowett, 1993) and hoxb1a
(accession number NM131115, Kudoh et al., 2001). Substrates used in this
study are 5-bromo-4-chloro-3-inodoyl phosphate (BCIP) and NBT from Roche.
Immunohistochemistry in the tg(islet1:GFP)rwo transgenic line (Higashijima et
al., 2000) using a polyclonal GFP antiserum (Torrey Pines, U.S.A.) was
performed as previously described (Costagli et al., 2006).
Cloning of fish expression constructs
The coding sequence of HsTBX20 (amino acids 1–447; Genbank accession
number BC120946) was amplified using PCR and cloned in the EcoRI site of
pCS2+. Clones with the right orientation were selected following restriction
digestion and sequencing. The coding sequence of zebrafish hRT/tbx20 was
subcloned from pBS(SK−)hRT (a gift of David Kimelman, Seattle, U.S.A.) into
the BamHI–StuI sites of pCS2+. The coding sequence of mab-9 was subcloned
into the StuI site of pCS2+ and those with the right orientation were selected by
sequencing. mRNA from linearized pCS2+ constructs were transcribed in vitro
using the SP6 mMessageMachine (Ambion).
Cell transplantation
Donor embryos of the tg(islet1:GFP) transgenic lines were injected with 3%
aqueous solution of 10,000MWrhodamine dextran (Molecular Probes) and 2 ng
of tbx20 morpholino at 1–4 cell stage. 10–40 cells were transplanted from dome
stage rhodamine/tbx20 morpholino injected donors into tg(islet1:GFP) host
embryos at shield stage using a device composed of a Hamilton syringe and a
Sutter micromanipulator (see Westerfield, 1993). The cells were transplanted
into the region destined to form the hindbrain according to published fate maps
(Woo and Fraser, 1995). Embryos showing rhodamine labeled cells in the
hindbrain were selected at 24 hpf and grown till 48 hpf for confocal analysis.
Morpholino and mRNA Injections
The tbx20MO (GAGGTTTTGGGGAAGAGGTGTACTC) (see Szeto et al.,
2002) was synthesized by GeneTools, Ltd and injected as described (Cau and
Wilson, 2003). For misexpression experiments, capped RNAs from pCS2-
Fig. 1. Alignment of Tbx20 sequences. Amino acid sequence alignment of T-box DNA binding domains of vertebrate and invertebrate Tbx20 orthologues. Identical
amino acids are shaded in black and similar amino acids shaded in grey. Alignment constructed with ClustalW and presented with Boxshade software. Abbreviations
and accession numbers in brackets—Hs=Homo sapiens (EAW94048), Mm=Mus Musculus (Q9ES03), Dr=Danio rerio (AAF64322), Dm=Drosophila melano-
gaster (Q94890), Ce=Caenorhabditis elegans (CAB65731). Over the whole protein, mouse Tbx20 is 99% similar (97% identical) to human TBX20, zebrafish tbx20 is
97% similar (85% identical), fly H15 is 69% similar (39% identical) and worm mab-9 is 61% similar (37% identical). Just taking the T-box domain into account,
mouse Tbx20 is 99% similar (98% identical) to human TBX20, zebrafish tbx20 is 97% similar (96% identical), fly H15 is 85% similar (72% identical) and worm mab-
9 is 73% similar (61% identical).
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mMessage Machine (Ambion). Each embryo was injected with 2–3 nL (100–
800 ng/μl) into the yolk of one- to eight-cell-stage embryos as described (Guo et
al., 1999). There are 7 nt mismatches between the zebrafish and human Tbx20
sequences targeted by the morpholino. These are indicated in the following
zebrafish coding sequence, with the human TBX20 sequence variations indicated
by capital letters: 5′gagta(T)cacc(G)t(G)ct(G)tcccca(C)aaa(G)cct(C)c3′.
Results
Tbx20 orthologues are expressed in motor neurons
The Tbx20 orthologues in vertebrates (human, mouse,
zebrafish) and invertebrates (C. elegans and D. melanogaster)
share a high level of sequence conservation in the T-box domain
(Fig. 1), suggesting conservation of protein function. However,
common sites of Tbx20 expression between the heartless
nematode and the vertebrate T-box genes have not been
investigated. To assess whether Tbx20 may have an ancient
and conserved role in nervous system development we
compared the expression patterns of vertebrate Tbx20 ortholo-
gues using in situ hybridization, and C. elegans mab-9 using a
GFP reporter transgene (mab-9∷GFP) (Figs. 2 and 3).Fig. 2. Expression of vertebrate Tbx20 orthologues. (A) Tbx20 expression in E11.5
arrowhead) and caudo-laterally migrating facial motor neurons (plates 2–8; arrowhe
expression in migrating motor neurons in the hindbrain of human embryos (arrowhe
120-μm intervals, CS15, 33 days. (C, D) CS13, 28 days. (E) CS16, 37 days. Panel D
expression in mouse and human neural retina (arrowheads). (F) E11.5 (mouse). (G) E
L) tbx20 expression in cranial motor neurons in zebrafish embryos at 24 (J) and 48 h
neurons (nVa+b) and vagal motor neurons (nX) are also shown. White arrowheadsIn the mouse Tbx20 was expressed at E11.5 in the
developing hindbrain in migrating motor neurons of the
trigeminal (V) and facial (VII) motor neuron groups (Fig.
2A), coincident with the expression of motor neuron marker
islet-1 (data not shown), as previously reported (Kraus et al.,
2001; Meins et al., 2000; Song et al., 2006). The trigeminal cell
bodies migrate dorsolaterally, whereas the facial cell bodies
migrate caudally (tangentially) and dorsolaterally (Chandrase-
khar, 2004). Here we show that this expression pattern is
conserved in human embryos. At approximately 33 days of
human development, CS 15, equivalent to E11.5 in the mouse,
Tbx20 was expressed in migrating cranial motor neurons in the
hindbrain at a position corresponding to motor neurons of the
trigeminal (V) and facial motor neuron groups (VII), in a similar
pattern to that observed in the mouse (Fig. 2B). Tbx20
expression was observed in the hindbrain, but not in other
regions of the brain or spinal cord between embryonic days 28–
37 (CS13–16) (Figs. 2B–E). tbx20 (also known as hrT; Griffin
et al., 2000) is expressed in the hindbrain of developing
zebrafish embryos starting from the 10 somite stage onward
(Ahn et al., 2000). Its expression delineates bilateral clusters of
cells initially at the level of rhombomere 4 (r4), andmouse hindbrain in dorsolaterally migrating trigeminal motor neurons (plate 1;
ad) in transverse sections at the level of rhombomeres (r) 2 to 7. (B–E) TBX20
ads). (B) Series of rostral to caudal transverse sections through the hindbrain at
shows high magnification view of boxed area in panel C. (F–I) TBX20/Tbx20
15.5 (mouse). (H) CS16, 37 days (human). (I) fetal stage 2, 63 days (human). (J–
pf (K, L). Black arrows indicate facial motor neurons (nVII). Trigeminal motor
in panels K and L indicate retinal neurons.
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et al., 2000). Figs. 2J–L show tbx20 expression in the motor
neurons of V (trigeminal), VII (facial) and X (vagal) cranialnerves migrating in a stereotypical pattern to adopt their final
dorsal and caudal locations. Human, mouse and zebrafish also
expressed Tbx20 in the developing retina (Figs. 2F–I, K, L). In
Fig. 3. Expression of tbx-20/mab-9 in C. elegans. (A) L1 larva containing the genomic rescuing mab-9∷GFP reporter pAW118 (Woollard and Hodgkin, 2000).
Nuclear MAB-9 expression is detected in all embryonically-derived motor neurons (DA, DB and DD). Expression is also observed in a head neuron (out of focal
plane), B and F rectal epithelial cells and posterior hypodermal cells of the tail, as previously reported (Woollard and Hodgkin, 2000). (B) Expression of mab-9∷GFP
is detected in post-embryonically derived AS and VD motor neurons in addition to embryonically derived DA, DB and DD motor neurons. No mab-9∷GFP
expression is observed in VA and VB motor neurons. C: mab-9∷GFP expression in the head region of an animal also expressing ceh-10∷GFP (which is only
expressed in RID and not ALA in this particular integrant (lqIs4); Oliver Hobert, pers. comm.). Two nuclei are clearly visible (labelled RID and ALA), with MAB-9 in
a nucleus just posterior to RID. This confirms its identity as ALA. Dorsal is up, posterior to the right in all panels.
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the peripheral retina (Figs. 2F and H), and from E16 in the
mouse and by day 63 in the human fetus, Tbx20/TBX20 was
expressed in neurons migrating to the inner retina (Figs. 2G and
I). tbx20 was also expressed in inner retinal cells in the zebrafish
(Figs. 2K, L).
Neuronal expression of mab-9 has been previously reported,
and correlates with the observation that mab-9 mutants are
uncoordinated for backwards movement (Chisholm and Hodg-
kin, 1989; Woollard and Hodgkin, 2000). Here, we have
identified the specific neurons in which mab-9 is expressed.
The data in Fig. 3 show that mab-9∷GFP is expressed in the
head neuron ALA and in all ventral nerve cord (VNC) nuclei
born during embryogenesis (DA, DB and DD motorneurons).
Subsequent mab-9 expression is observed in post-embryonically
derived motor neurons VD and AS. The cell bodies of each of
these motor neuron classes (DA, DB, DD, VD and AS) are
located ventrally and extend a dorsally directed commissure
around the circumference of the worm. When each commissure
reaches the dorsal side it extends projections within the dorsalnerve cord. The only motor neuron classes in the VNC that do not
express mab-9∷GFP are VA, VB and VC, which do not extend
circumferential commissures to the dorsal nerve cord, suggesting
that mab-9 may have a particular role in motor neurons that
project dorsally directed axons. Therefore, Tbx20 orthologues are
expressed in developing neurons in both vertebrates and C.
elegans, including motor neurons that originate in the ventral
neural tube (or ventral nerve cord of C. elegans).
tbx20 is essential for the correct positioning of cranial motor
neurons of the nV and nVII in zebrafish
In order to test for a role for tbx20 in cranial motor neuron
development in zebrafish we used specific morpholino oligonu-
cleotides to deplete protein levels in zebrafish embryos. We
visualized the effects of loss of tbx20 activity in branchio-motor
neurons using the tg(islet1:GFP) transgenic line, which high-
lights the nV and nVII migratory branchio-motor neurons that
innervate branchial arch-derived muscles and express islet1. nVI
neurons are not labelled in this line (Higashijima et al., 2000).
677R. Pocock et al. / Developmental Biology 317 (2008) 671–685We found that tbx20 morpholino caused dose dependent
defects: at lower concentrations (0.5–1.5 ng per embryo), we
observed defects in the hindbrain, but not in the heart or blood
vessels; with increasing doses of morpholino we observed heartFig. 4. Cranial motor neuron migration defects in zebrafish embryos. (A–E) 48 h
morpholino. (A) 6 ng per embryo, (B) 4 ng per embryo, (C) 3 ng per embryo, (D) 2 ng
top. Migration defects of the nVII motor neurons (white arrowheads) that only parti
(isl1:GFP) zebrafish embryos injected with decreasing amount of tbx20 morpholino. V
(arrowheads). Only the facial nerves show severe pathfinding defects. (J) Uninjected
amount of tbx20 morpholino. Lateral views, rostral to the left. Arrowheads point to th
Small white arrows point to the anterior lateral line nerve, which is not affected byand blood vessel defects (similar to those described by Szeto et
al., 2002) in addition to the hindbrain phenotype. In order to
avoid the occurrence of heart defects that could secondarily
affect the development of the CNS, we used low concentrationspf tg(isl1:GFP) zebrafish embryos injected with decreasing amounts of tbx20
per embryo, (E) 1 ng per embryo. Dorsal views of the hindbrain, rostral is to the
ally reach rhombomere 6 (white arrows). (F) Uninjected control. (G–I) 5 dpf tg
entral views, dorsal to the top, showing the trigeminal (asterisk) and facial nerve
control. (K–M) 5 dpf tg(isl1:GFP) zebrafish embryos injected with decreasing
e facial sensory ganglion and adjacent facial nerve, displaying growing defects.
tbx20 morpholino injections. (N) Uninjected control.
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observed defect in tg(islet1:GFP) embryos injected with tbx20
morpholino was a rostro-caudal spread of the facial motor
neurons from r4 to r6/7 in a paramedian location, that in theFig. 5. Rescue of zebrafish cranial motor neuron migration defects with human TBX2
(B) Embryo treated with 2 ng of tbx20morpholino. (C–G) Embryos injected with 2 ng
injections of mRNA (from 50 to 250 pg/embryo increasing from panels C to G in 50
neuron soma visualized in tg(islet1∷GFP) embryos (B) is reverted by co-injection of
normal migration of nVII motor neurons following co-injection of increasing (1, 2, 4most severe cases resulted in a total block of the tangential
(caudal) migration of nVII neurons from r4 to r6/7 (Fig. 4A).
This defect was not due to a delay in migration, as no recovery
was observed at 72 days post fertilization (dpf) or later, up to0 mRNA. (A, B) 48 hpf tg(isl1:GFP) zebrafish embryos. (A) Uninjected control.
of tbx20morpholino show rescue of the neuronal migration phenotype following
pg increments) encoding HsTBX20. Abnormal migration of nV and nVII motor
mRNA for HsTBX20. (H) Percentage of tg(isl1:GFP) embryos (Y axis) showing
, 6 ng) doses of tbx20 Mo (X axis) with 100 pg mRNA encoding HsTBX20.
679R. Pocock et al. / Developmental Biology 317 (2008) 671–6855 dpf (data not shown). In addition, all GFP expressing neurons
in the hindbrain of morpholino injected embryos at 48 hpf or
later were located in a more lateral position than in control
embryos (Fig. 4), suggesting that the reduction of tbx20 levels
affected the correct positioning of cranial motor neurons in the
medio-lateral plane, as well as in the rostro-caudal direction.
The reduction of tbx20 levels did not affect the generation of
cranial motor neurons, as the number of GFP positive neurons in
the hindbrain was only slightly reduced in injected versus
control embryos (wt=127±16 cells versus mo=110±20 cells
in nVa+nVb+nVII in 5 tg(islet1:GFP) embryos at 48 hpf). In
addition, no defects were visualized in the growth or targeting of
the GFP expressing axons of the cranial motor nerves in the tg
(islet1:GFP) line at 2 or 5 dpf (Fig. 4). The integrity of the
cranial nerves in morpholino-injected embryos suggested that
the reduction of tbx20 levels did not interfere with the process of
differentiation and identity acquisition of the hindbrain neurons.
To confirm that tbx20 is not involved in the segmentation andFig. 6. Rescue of cranial nerve migration defects with C. elegans mab-9 mRNA and
(islet1:GFP) zebrafish embryos, dorsal views. (A) Uninjected control; (B) embry
morpholino; (D) embryo injected with mab-9 mRNA and tbx20 morpholino. A part
arrows). Quantification of the rescue data is shown in Supplementary Table 2. (E) D
loaded with tbx20 morpholino and rhodamine dextran are unable to migrate to rhomdifferentiation of the hindbrain, we performed in situ hybridiza-
tion for krox20/erg2b, to mark rhombomere 3 and 5, and hoxb1a
to mark r4 at 12 somites, i.e. after the induction of tbx20
expression in the hindbrain. No changes in the distribution of
krox20/erg2b and hoxb1a transcripts were detected in injected
versus control embryos (data not shown). In addition, the motor
neuron phenotype was never observed in embryos injected with
unrelated morpholinos (at least 6 different morpholinos,
including morpholinos targeting two other T-box genes, tbr1
and eomesodermin), which were injected at the same concen-
trations as the tbx20 morpholino and specifically affected other
developmental processes (data not shown).
Human TBX20 and C. elegans mab-9 rescue zebrafish MN
phenotype
To confirm that the neuronal migration defects were due to
the reduction of tbx20 levels, we co-injected mRNA encodingcell autonomous function of tbx20 in cranial motor neurons. (A–D) 48 hpf tg
o injected with 100 pg mab-9 mRNA; (C) embryo injected with 2 ng tbx20
ial rescue of the migration defect of nVII neurons is observed in panel D (black
iagram illustrating the transplantation procedure (see text for details). (F) Cells
bomere 6 (right side) unlike their counterparts in the host (left side).
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Tbx20 (see Materials and methods), and would not therefore be
expected to have its translation blocked by the zf-tbx20
morpholino used in this study. Embryos co-injected with the
mixture of morpholino and mRNA did not show any phenotype
(Fig. 5) indicating that human TBX20 is able to functionally
replace the zebrafish protein depleted by the morpholino
treatment. Unlike zebrafish tbx20 mRNA injections (which
caused gastrulation defects even at low doses (Szeto et al.,
2002), injections of human TBX20 mRNA did not cause any
visible phenotype when injected alone at the doses that rescue
morphant embryos (100 pg per embryo) (data not shown).
Thus, the defects induced by a reduction of tbx20 levels in
the zebrafish hindbrain are not due to interference with a role of
tbx20 in hindbrain segmentation, rhombomere identity, pro-
liferation of cranial motor neurons or acquisition of neuronal
identity, but solely to a role of tbx20 in neuronal cell body
migration. Moreover, the rescue experiments with human
TBX20 show that the human gene is able to functionally replace
zebrafish tbx20 in the hindbrain. We also tested the ability of
mab-9 (the C. elegans orthologue of zebrafish tbx20) to rescueFig. 7. mab-9 mutants have motor neuron axon guidance defects. (A) WT adult her
neurons). Motor neuron cell bodies are located in the ventral nerve cord. Commissures
side with 2 running on the left hand side. As the commissures reach the dorsal side t
mab-9(e2410) animals carrying the unc-25∷GFP reporter. DD/VDmotor neurons ext
stalling at the ventral side of dorsal muscle (arrow). (C) Misguided commissure stal
adjacent commissures. (D) WT adult hermaphrodite carrying an unc-53∷GFP report
extend around the circumference of the worm. (E) Adultmab-9(e2410) adult carrying
Dorsal is up, posterior to the right in all panels.the migration defect of cranial motor neurons in zebrafish tbx20
morphants. Injection of mab-9 mRNA together with tbx20
morpholino was partially able to rescue the migration defect
(Figs. 6A–D, Supplementary Table 2), although less efficiently
than human TBX20, thus demonstrating conservation of
function of Tbx20 proteins across phyla.
To assess whether the role of tbx20 in motor neuron
migration is cell autonomous, we performed transplantation
experiments, placing cells loaded with tbx20 morpholino in
the hindbrain of a wild type host. Both donor and host were
embryos of the tg(islet1:GFP)rwo line, to allow identification
of the branchio-motor neurons. In addition, donor cells were
loaded with rhodamine dextran, to distinguish them from
host cells. In all 4 experiments in which donor cells were suc-
cessfully placed in the hindbrain and differentiated into GFP
positive cranial motor neurons, rhodamine marked neurons of
the nV or nVII were not able to reach their correct position by
48 hpf, whereas their host counterparts did (Fig. 6F). These
experiments show that the lack of tbx20 seriously impairs
cranial motor neurons migration even in a wild type host envi-
ronment thus demonstrating that tbx20 acts cell-autonomouslymaphrodite carrying an unc-25∷GFP reporter specific for DD/VD GABAergic
extend around the circumference of the worm, 17 of which run on the right hand
hey bifurcate to form the dorsal nerve cord (out of focal plane). (B and C) Adult
end circumferential commissures that are misguided. (B) Misguided commissure
ling at the lateral nerve cord (arrow). Misguided axons often cross a number of
er, expressed in DA and AS motor neurons. Again, commissures can be seen to
the unc-53∷GFP reporter. Misguided DA/AS motor neurons are visible (arrow).
Fig. 8. Human Tbx20 T-box domain can functionally substitute for mab-9. (A)
WT hermaphrodite carrying the evIs82b unc-129∷GFP reporter, expressed in
DA and DB motor neurons plus other neurons in the head and tail. (B) mab-9
(e2410) animal carrying the unc-129∷GFP reporter. The expression of unc-
129∷GFP is specifically reduced in motor neurons and is only observed very
weakly in a couple of neurons at the anterior and posterior. (C) mab-9(e2410)
animal carrying the genomic mab-9 construct pAW118 as well as the unc-
129∷GFP reporter. Complete rescue of the unc-129∷GFP neuronal expression
defect is observed, with the animal looking very similar to WT. (D) mab-9
(e2410) animal carrying the mab-9 minigene construct pAW230 (ouEx63) in
addition to the unc-129∷GFP reporter. Again, complete rescue of the unc-
129∷GFP neuronal expression defect is observed. (E) mab-9(e2410) animal
carrying the mab-9/HsTBX20 chimeric minigene construct pAW271 (ouEx62)
as well as the unc-129∷GFP reporter. Complete rescue of the neuronal
phenotype is again observed. Typical phenotypes are shown. Posterior is to the
right on all panels.
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hindbrain.
mab-9 mutants exhibit axon guidance defects in all motor
neurons in which mab-9 expression is observed
Intriguingly, a new allele of mab-9 was previously identified
in a genetic screen for C. elegans mutants with specific axon
guidance defects (Huang et al., 2002). In order to examine
potential migration defects in detail, we used a variety of GFP
neuronal reporters. Firstly, axon guidance was examined in
worms expressing an unc-25∷GFP DD and VD-specific
reporter (Jin et al., 1999) (Fig. 7). UNC-25 is normally present
in 19 D-type motor neurons in the VNC (6DD and 13VD). The
unc-25∷GFP reporter is expressed throughout each neuron,
enabling the position and morphology of each cell body and
axon to be visualized (Huang et al., 2002). 17 of the D-type
neuron circumferential processes run on the right side of the
worm body and the other 2 (DD1 and VD2) on the left.
Phenotypic analysis of axon guidance defects was performed by
counting the number of commissures on the right side of the
worm that did not reach the dorsal cord within a single animal.
No axon or cell migration defects were observed in WT animals
carrying this reporter, but in mab-9(e2410) animals, 8% (n=78)
of the D-type neurons in each animal had defective circumfer-
ential commissures (Figs. 7B, C). This means that on average
1.5 commissures are misguided per animal in mab-9 mutants.
There is no obvious pattern as to which D-type neurons are
affected. The defective axons extend away from the ventral cord
as in WT however they stop prematurely at two distinct points
in their migration: in about 20% of cases they stop midway
between the ventral and dorsal nerve cords (approximately at
the position of the lateral nerve cord, Fig. 7C) and in about 80%
of cases they stop at the ventral side of dorsal muscle (Fig. 7B).
These misguided axons then extend laterally and often cross a
number of commissures.
Next, we tested for DA and AS axon migration defects using
the unc-53∷GFP reporter strain UG42 (Stringham et al., 2002).
Using this reporter no axon or cell migration defects were
observed in a WT background (Fig. 7D), but in mab-9(e2410)
mutants, 100% of animals observed had at least 1 misguided
axon (n=79) (Fig. 6E). The defects look similar to those
observed with an unc-25∷GFP reporter, with commissures
tending to stop at the ventral side of dorsal muscle, then
extending laterally and often crossing other commissures. In
order to test for axon guidance defects in the final class of motor
neuron in which mab-9 is expressed we used the unc-
129∷GFP (TGF-β) reporter evIs82b (Colavita et al., 1998).
This reporter is expressed in 9DA and 7DB motor neurons plus
other neurons in the head and tail (Fig. 8A). In a mab-9(e2410)
background only very weak expression of unc-129∷GFP was
observed in neurons at the anterior and posterior (Fig. 8B).
Under higher power magnification, very few commissures
could be observed exiting the ventral cord in mab-9 mutants,
and those that did had abnormal projections (data not shown).
Taken together, these data suggest that mab-9 is required for
axon guidance in all the motor neuron subclasses in which mab-9 expression is detected. In addition, these data suggest that
mab-9 acts upstream of unc-129 to regulate TGF-β expression
in motor neurons.
Human TBX20 T-box domain can functionally substitute for
mab-9 in the nervous system
Next, we tested whether human TBX20 can rescue neuronal
defects (as assayed by unc-129∷GFP expression) in mab-9
mutant animals. It was not possible to use full-length cDNA
because mab-9 cDNA itself rescues poorly (data not shown),
implying that intronic sequences may be important for correct
mab-9 expression. We therefore made a part genomic, part
cDNA minigene construct of mab-9, in which the whole T-box
domain (amino acids 63–268 out of 346) was replaced with
cDNA (pAW230). This construct is capable of rescuing the
mab-9 neuronal phenotype (Fig. 8D). We also found that a
minigene construct in which the mab-9 T-box domain was
replaced with the homologous region of the HsTBX20 cDNA
(pAW271) was capable of rescuing mab-9 defects (Fig. 8E), at
least in terms of unc-129∷GFP expression. Full rescue of
locomotory defects was not achieved, however, with the
animals remaining slightly backwards Unc (data not shown).
Thus, the human TBX20 T-box domain was able, at least in part,
to successfully direct development of normal commissures from
the ventral cord in mab-9 mutants, suggesting that this domain
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system function.
Human TBX20 T-box domain can functionally substitute for
mab-9 in male tail development
Defective male tail development occurs in mab-9 mutants
due to aberrant developmental fate acquisition in the male
specific blast cells B and F (Chisholm and Hodgkin, 1989;
Woollard and Hodgkin, 2000). This function of mab-9 appears
unique to the nematode and may represent a diverged Tbx20
gene function occurring after the separation of vertebrates and
invertebrates. However, we found that the human/worm
chimeric Tbx20 minigene construct pAW271 was also capableFig. 9. Human Tbx20 T-box domain also rescues male tail defects in mab-9 anima
embedded sensory rays is evident at the posterior and the refractile spicules are
morphogenesis is grossly abnormal and no spicules are evident. (C) mab-9(e2410
pAW118 (carried as an extrachromosomal array). (D) mab-9(e2410); him-8(e148
Rescue is incomplete, with morphogenetic defects apparent in the fan and very abn
length human TBX20 construct pAW175 (ouEx70). Again, rescue is incomplete with
him-8(e1489)male carrying the mab-9 minigene construct pAW230 (ouEx63). Good
(arrow), much like in panels A and C. (G) mab-9(e2410); him-8(e1489) male carryin
T-box domain ofmab-9 is replaced with the human Tbx20 T-box domain. Rescue is go
male carrying the mab-9/Xbra chimeric minigene construct pAW294 (ouEx73). No
evidence of spicule formation, much like in panel B. Typical phenotypes are shownof rescuing male tail defects in mab-9 animals (Fig. 9G).
Furthermore, a minigene construct in which the much more
distantly related Brachyury (Xbra) T-box domain (not a member
of the Tbx20 subfamily) was placed in an identical molecular
context to the rescuing TBX20 T-box domain (pAW294), was
not capable of rescuing mab-9 phenotypes (Fig. 9H). We
confirmed that all minigene constructs, including the mab-9/
Xbra chimeric construct, were expressed in the expected cells
by observing GFP expression in transgenic worms (data not
shown). This suggests that rescuing activity cannot be provided
by any T-box domain, but is specific to Tbx20 subfamily
members, and fits with previous reports suggesting that
different T-box family members display distinct target gene
binding site preferences (Conlon et al., 2001).ls. (A) him-8(e1489) male tail (effectively WT). The cuticular fan containing
clearly visible (arrow). (B) mab-9(e2410); him-8(e1489) male tail. Male tail
); him-8(e1489) male completely rescued with the mab-9 genomic construct
9) male carrying the full length mab-9 cDNA construct pAW141 (ouEx71).
ormal spicules (arrow). (E) mab-9(e2410); him-8(e1489) male carrying the full
aberrant fan morphogenesis and grossly abnormal spicules. (F) mab-9(e2410);
rescue is observed, with the fan looking normal and well formed spicules evident
g the mab-9/HsTBX20 minigene constuct pAW271 (ouEx62), in which the entire
od, with well formed fan and spicules (arrow). (H)mab-9(e2410); him-8(e1489)
rescue is observed. Gross morphological defects are observed and there is no
. Posterior is to the right in all panels. Scale bar, 25 μm.
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We present evidence indicating that Tbx20 has an ancient
role in motor neuron development that is conserved between
vertebrates and invertebrates. We demonstrate that zebrafish
tbx20 is required for correct migration of cranial motor neurons
during development, consistent with the role recently discov-
ered for Tbx20 in the mouse using a conditional allele of Tbx20
(Song et al., 2006). In C. elegans, Tbx20 (mab-9) plays a role in
motor neuron axon guidance, specifically in those neurons
which project dorsally directed commissures. TBX20 is
expressed in cranial motor neurons in human embryos, and by
a series of cross species transgenic rescue experiments we show
a degree of functional equivalence between orthologous C.
elegans and vertebrate Tbx20 proteins. The demonstration of
functional interchangeability in our assays supports the view
that divergence of target genes, and/or the acquisition of unique
sets of targets, underlies morphological innovation during
evolution, rather than divergence of transcription factor protein
structure/function.
Tbx20 in motor neurons
In zebrafish, we found that islet-1 expressing cranial motor
neurons are generated, survive and extend axons in tbx20
morphants suggesting that cell identity is not altered by loss of
tbx20. This is in line with recent findings in conditional Tbx20
null mice that normal numbers of cranial motor neurons were
generated expressing a wide array of appropriate marker genes
(Song et al., 2006). Zebrafish tbx20 morphants consistently
showed a failure of the tangential migration of nVII motor
neurons from r4 to r6/7 indicating that tbx20 is essential for
normal migration of these cells bodies to their final dorsal
location. We also found evidence for abnormal growth or
targeting of the axons of these motor neuron groups.
Interestingly, in equivalent experiments in mice using an
SE1∷gfp transgene expressing GFP under an Is1 enhancer,
subtle abnormalities in axonal projections were detected in
tbx20 knockdown embryos (Song et al., 2006). These included
facial neurons extending axons beyond their normal stopping
point and occasionally misrouting and looping back (Song et
al., 2006).
In C. elegans, we found that the motor neuron expression of
mab-9 is restricted to DA, DB, DD, VD and AS motor neuron
classes. mab-9 null mutants exhibit defects in axon guidance of
dorsally-directed commissures in each of these motor neuron
classes. Aberrant guidance is observed in axonal commissures
that project both during embryonic (DA, DB and DD) and
postembryonic (VD and AS) development. Defective axons
stall at specific points along their path and then extend laterally
to cross a number of commissures. The points at which the
axons stall is intriguing. The majority of axons stall at the
ventral side of dorsal muscle with the remainder stalling at the
lateral nerve cord. This suggests that nascent mab-9-deficient
axons may not be able to navigate these physical barriers. This
could perhaps be due to defective cytoskeletal remodeling and/
or an alteration in guidance receptor combinations at the growthcone causing inappropriate response to guidance cues presented
along its path.
During the analysis of commissurial guidance of the DA and
DB motor neuron classes we observed that the expression level
of unc-129∷GFP is very weak in mab-9 mutants. unc-129
encodes a member of the TGF-β family of secreted signaling
molecules and is itself required for correct guidance of
motorneuron commissures in C. elegans (Colavita et al.,
1998). In vertebrates, TGF-β is needed for motor neuron
survival during development (Krieglstein et al., 2000), but it is
not known to be important for axon guidance. In mab-9
mutants, the reduction of UNC-129∷GFP suggests that mab-9
is required for unc-129 expression. We were able to restore
UNC-129::GFP expression with a mab-9 minigene construct
containing the HsTBX20 T-box domain in place of the mab-9 T-
box domain. Therefore, human TBX20 can functionally
substitute for aspects of mab-9 function in the nervous system
suggesting that basic molecular genetic mechanisms may be
conserved.
Furthermore, our observation of axon guidance defects in C.
elegans and zebrafish lends support to the idea that Tbx20 plays
a conserved role in axon migration as well as motor neuron cell
body migration. Although mab-9 mutants alone do not show
any defects in neuronal cell body positioning, we have observed
that mab-9 weakly enhances an unc-40(e1430) (netrin receptor)
induced neuron mispositioning defect of the D-type motor
neuron cell bodies, DD1, VD1 and VD2, suggesting that mab-9
may also play a role in motor neuron cell migration in
invertebrates (Pocock andWoollard, unpublished observations).
Considered together these observations suggest that motor
neuron cell body and axon migration may employ common
conserved genetic pathways involving Tbx20.
In mouse and zebrafish, it is the dorsal settling cranial motor
neurons (V, VII, VIII, VIII, IX, X) that show a common
requirement for Tbx20 (Song et al., 2006 and this study),
whereas in C. elegans only the motorneurons with dorsally
projecting commissures are affected by lack of Tbx20. In both
cases the motor neurons are born in a ventral location during
embryogenesis, in vertebrates in the ventral neural tube and in
C. elegans in the ventral nerve cord. In vertebrates the cell
bodies of each motor neuron group then migrate in a
stereotypical pattern to adopt their final dorsal position within
the developing hindbrain leaving behind an axonal process that
reflects the migratory path (Chandrasekhar, 2004; Song et al.,
2006). The extensive neuronal migration pathways undertaken
by developing neurons in the vertebrate brain are thought to
facilitate the formation of more complex circuits using multiple
types of neuron (Marin and Rubenstein, 2003). Comparison of
the role of Tbx20 in motor neurons of C. elegans and
vertebrates suggests that this gene played an ancient role in
coordinating the location of developing motor neuron circuits.
In the nematode the dorsally projecting motor neuron group are
primarily involved in locomotion, whereas in vertebrates this
role has been specialized to regulate the groups of branchio-
motor and visceromotor neurons in the hindbrain that control
jaw, eye movement, facial expression and muscles of the
pharynx and larynx, and control lacrimal gland and salivation
684 R. Pocock et al. / Developmental Biology 317 (2008) 671–685respectively. New evidence indicates that the planar cell polarity
pathway is regulated by Tbx20 in facial motor neurons in mice,
but that this same pathway is not acting in trigeminal or other
motor neuron groups (Song et al., 2006). In C. elegans a novel
PCP-like pathway has recently been shown to be involved in the
regulation of B cell polarity in the hindgut (Wu and Herman,
2007); male tail defects seen in mab-9 mutants are due to cell
fate transformation of the B cell lineage but as yet there is no
direct link between mab-9 and the PCP-pathway. Further
analysis of the genes regulated by mab-9 in C. elegans may
provide insight into the common migratory mechanisms used
by the different vertebrate motor neuron groups, rather than the
specializations of each group.
Tbx20 in organogenesis
Despite the different roles of Tbx20 orthologues in organ
development in nematode compared to vertebrate (tail/hindgut
compared with heart), we found that the human T-box domain
was able to rescue the mab-9 tail defect. As there is no evidence
that Tbx20 is involved in vertebrate tail/hindgut development,
this finding argues for a unique and diverged set of target genes
in C. elegans involved in tail/hindgut development that can
nevertheless be recognised by the conserved and functionally
interchangeable Tbx20 T-box domain of both vertebrate and
invertebrates. This would support the idea that the acquisition of
novel targets by developmental transcription factors is a major
driver of morphological innovation during evolution.
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